Abstract-A bioenergetics model was used to predict food intake of common loon (Gavia immer) chicks as a function of body mass during development, and a pharmacokinetics model, based on first-order kinetics in a single compartment, was used to predict blood Hg level as a function of food intake rate, food Hg content, body mass, and Hg absorption and elimination. Predictions were tested in captive growing chicks fed trout (Salmo gairdneri) with average MeHg concentrations of 0.02 (control), 0.4, and 1.2 g/g wet mass (delivered as CH 3 HgCl). Predicted food intake matched observed intake through 50 d of age but then exceeded observed intake by an amount that grew progressively larger with age, reaching a significant overestimate of 28% by the end of the trial. Respiration in older, nongrowing birds probably was overestimated by using rates measured in younger, growing birds. Close agreement was found between simulations and measured blood Hg, which varied significantly with dietary Hg and age. Although chicks may hatch with different blood Hg levels, their blood level is determined mainly by dietary Hg level beyond approximately two weeks of age. The model also may be useful for predicting Hg levels in adults and in the eggs that they lay, but its accuracy in both chicks and adults needs to be tested in free-living birds.
INTRODUCTION
Assessing the ecological risk of Hg exposure to piscivorous wildlife is a priority issue for federal and state resource management agencies and industry alike. New information is required to support appropriate management decisions, including biologically meaningful and scientifically defensible regulatory targets or goals and a detailed understanding both of how and at what cost management scenarios or options achieve the regulatory goals. In the case of wildlife, this translates into knowledge regarding the level of Hg exposure causing negative effects in piscivorous species and of how various management strategies affect Hg exposure in these species. Ideally, a wildlife Hg risk assessment will produce regulatory end points that safeguard wildlife from the toxic effects of excess Hg exposure and model the probability that proposed management options will achieve that goal.
In the current paper, we report on development and validation of a model predicting wildlife tissue Hg levels as a function of dietary intake. We focused model development on chicks of the common loon (Gavia immer), an avian species thought to be sensitive to the toxic effects of Hg [1] [2] [3] (http://www.consecol.org/vol2/iss2/art10/) and, because they are high-trophic-level, long-lived, obligate piscivores, to be at relatively high risk of Hg exposure among wildlife species on inland (nonmarine) North American aquatic systems. Field and laboratory studies were conducted during the period from 1999 to 2003 to quantify the bioenergetic rates and pharmacokinetic rate constants necessary to produce a bioenergetics model that predicts loon chick tissue Hg concentrations as a function of dietary Hg content and body mass and/or age. Rates or rate * To whom correspondence may be addressed (wkarasov@wisc.edu).
constants measured include daily Hg dose (the product of the loon's feeding rate and the dietary Hg concentration [4] ); bioavailability, or how much of a dose appears in the blood or body [5] ; and elimination rate constants, which can be used to determine the proportion that remains just before the next daily dose [5] . Using these basic building blocks, we constructed a model to predict whole-body and blood Hg concentrations for free-living common loon chicks as a function of fish Hg content and developmental stage (pre-and postmolt), which influence both intake and elimination rates. The situation of wild loons, which consume Hg in fish daily but require more than a day to eliminate it [5] , was modeled by applying the pharmacokinetics of multiple dosing [6] .
The model development and validation reported here complement loon dose-response laboratory studies that have been reported elsewhere [7] . Those studies quantified the level of tissue Hg concentration associated with negative effects in loon chicks. Reproduction is the most sensitive end point of MeHg toxicity in birds-increased chick mortality, altered adult behavior and egg laying, and embryo mortality (and, thus, reduced hatching rates) have all been documented as the result of low levels of Hg exposure in birds [8, 9] . The bioenergetics model validated in the present study can be used to assess loon toxicity risk by simulating various Hg intake scenarios. Ultimately, linkage of this information with an atmospheric Hg deposition model, such as the Regional Mercury Cycling model [10] , may provide the approach that is needed for assessing the benefits to sensitive wildlife species of various Hg emission reduction scenarios.
MATERIALS AND METHODS
The model has a bioenergetics module predicting the food intake rate of loons as a function of their body mass during development and a pharmacokinetics module predicting blood Hg level as a function of the food intake rate, food Hg content, body mass, and Hg absorption and elimination. The key parameters as well as their symbols, typical mean values, and coefficients of variation (CVs) are summarized in Table 1 . We implemented the model using a spreadsheet (Microsoft Excel; Microsoft, Redmond, WA, USA) with time steps of 1 d.
Bioenergetics model
Daily food intake (I, wet mass/d) was modeled using a balanced energy equation [11] :
where R is respiration (kJ/d), P is production (kJ/d), MEC is the coefficient of metabolizability of the food energy (unitless), e food is the gross energy content of the food (measured to be 26.9 kJ/g dry mass in rainbow trout [Salmo gairdneri] fed to loons [12] ), and w food is the dry mass to wet mass ratio of the food (measured to be 0.3 g dry mass/g wet mass [12] ). The respiration term includes energy expended for basal metabolism, thermoregulation, physical activity, the heat increment of feeding, and any excess respiration associated with the formation of new tissue. The MEC term incorporates energy losses in feces and urine. Production, mainly related to growth, was calculated as the product of daily mass change (g, g wet mass/d) and the energy density of the bird (e bird , kJ/g wet mass).
Bioenergetics model parameterization
Parameter values usually were available for loons. In the current paper, however, we also note more general predictive relations when they are available to facilitate application of the model to other species. The model presumes knowledge of body mass as a function of age, which can be collected in a field study or estimated from models of avian growth [13, 14] .
The increase in respiration that accompanies chick growth can be expressed relative to either age or body mass, but the latter may explain relatively more of the variation [11] , which is why we chose to predict R from body mass (m, g). Weathers [11] presented data suggesting that resting metabolism and peak daily metabolism might be modeled according to an allometric equation of the form kJ/d ϭ am b , where a is a coefficient and b is a mass exponent, so we fit published data on R of common loon chicks during growth, measured with doubly labeled water [4, 15] , to the allometric model using least-squares linear regression (on log-transformed values of m and R).
A number of studies regarding wild and domesticated species suggest that the metabolizability of food increases during avian ontogeny [16] . In captive loon chicks eating fish with a gross energy content of 26.9 kJ/g dry mass, MEC values for chicks aged 21 to 24 d (mean Ϯ standard error of the mean [SEM], 0.64 Ϯ 0.03) were significantly lower than those for chicks aged 35 to 38 d (0.83 Ϯ 0.06) [12] . Accordingly, we used MEC values of 0.64 for chicks aged from hatch to 24 d and of 0.83 for chicks aged 35 d and older. For chicks aged 25 to 34 d, we assumed that MEC increased exponentially with age. We used exponential change to be consistent with analogous adjustments used in the pharmacokinetics module.
The energy density of tissue (e bird ), used to convert growth rates (g/d) to production rates (P), increases during development as relative water content declines and/or relative fat content increases [11] . We used an equation based on ontogenetic changes in 17 species: kJ/g wet mass ϭ 3.51 ϩ 4.82, where is the proportion of adult mass attained [11] . Adult mass of common loons was taken to be 4,000 g (unpublished data).
Pharmacokinetics model
Blood Hg content on any given day (C t , g/g wet wt blood) was modeled using an open, single-compartment model [6] :
where I is daily food intake, c food is the Hg content of the food (g/g wet mass), ␣ is the oral bioavailability (i.e., proportion absorbed) of the dietary Hg, V is the effective distribution volume of Hg in the body (g wet wt blood), C tϪ1 is the blood Hg content on the day before, and e Ϫk is the persistence factor, which accounts for the decline of blood Hg caused by elimination and growth dilution (1/d) since the previous dose the day before.
The use of this model relies on several assumptions, the first of which is that the kinetics are first order (i.e., dose independent) [17] . This assumption was verified for common loon chicks by showing that elimination was independent of the dose of MeHg [5] . Also, elimination of Hg by 35-d-old chicks dosed with MeHg was well described by a single-compartment model of monoexponential elimination and not significantly better using a biexponential model [5] . Elimination by 84-d-old chicks, however, was much slower and more consistent with a two-compartment model. The relatively faster Model for exposure of common loon chicks to MeHg Environ. Toxicol. Chem. 26, 2007 679 elimination in younger chicks compared to that in older chicks resulted from Hg deposition into growing feathers of the younger chicks, whereas feather growth was completed in the older chicks. The biexponential elimination in the older chicks might indicate the necessity of a complicated model with at least two compartments that could take into account short-term changes in blood level during an early distribution phase immediately after dosing as well as more long-term changes resulting mainly from elimination. Sometimes, however, pharmacokinetics calculations can be based on the one-compartment model even if a two-compartment model applies, especially if each succeeding dose is given when the drug/toxin concentration of the previous dose is in the monoexponential elimination phase [6] . Accordingly, to evaluate the applicability of our model, we dosed loon chicks in preliminary experiments with MeHg and sampled blood frequently.
Pharmacokinetics model parameterization
Parameter values usually were available for loons. The model presumes knowledge of food Hg content and daily food ingestion as a function of age (from the bioenergetics module). The total Hg content of wild fish consumed by loons is primarily in the form of MeHg [18, 19] , so the form of Hg in food is not specified in the model. In our validation trials, we used MeHg at several doses.
The oral bioavailability of MeHg administered to common loon chicks in capsules placed inside fish was apparently similar in 35-and 84-d-old chicks and averaged 0.83 [5] . We used this value for ␣ throughout.
Distribution volume (V) in a one-compartment model can be calculated as the quotient of dose and the zero-time intercept (C 0 ) of the monoexponential decay curve after intravenous dose administration [6] . Using values reported for 35-d-old chicks dosed intravenously (Hg dose, 272 g; C 0 ϭ 0.39 g/g blood [5] ), we calculated a blood volume of 697 g for a loon weighing 1,887 g, or 0.37 Ϯ 0.059 of body mass (m). It is not important that this volume exceeds the actual blood volume (ϳ10% of body mass in birds) [20] , because, for example, Hg may have rapidly bound to protein elsewhere in the body, lowering the blood level and, thus, giving an apparently large distribution volume. No strict requirement exists in pharmacokinetics that a distribution volume must match a real, physical entity [6] . For older chicks (age, 84 d), which exhibited biexponential Hg elimination, we replaced C 0 with the zero-time intercept of the slow phase of elimination [5] , as recommended by Ritschel [6] , and calculated a distribution volume of 0.49 Ϯ 0.072 of body mass, which is not significantly different from the value for younger chicks (t test, p ϭ 0.17). Thus, for all chicks, we estimated V ϭ 0.43m.
The exponent k in the persistence factor (e Ϫk ) can be modeled as the sum of a rate constant for elimination (k e ) and a rate constant for growth dilution (k g ) [21] . The latter was estimated as k g ϭ (m t Ϫ m tϪ1 )/(m tϪ1 ) [21] . Elimination rate constants, reported earlier [5] , were normalized to m Ϫ1/4 to account for changing body mass [22] ), because the former were growing feathers in which Hg was deposited [5] but feather growth ceases by approximately the 11th week of life [23] . Accordingly, between hatch and week 9, we used the higher value
) measured in younger chicks, and for ages older than 11 weeks, we used the lower value (Ϫ0.0447) measured in older chicks. Between weeks 9 and 11, when the transition occurs, we had no measurements, so we assumed that k e declined exponentially with age.
Model validation
Source and husbandry of common loon chicks. The present study was conducted in the summer of 2003. [7] . Twenty-three hatched chicks were marked with a unique four-digit web tag and randomly assigned to one of three dietary Hg treatment groups. Two died over the course of the trial because of bacterial infection.
Husbandry of chicks has been described previously [7] . Handling and care of chicks were approved by the Animal Care and Use Committee of the Upper Midwest Environmental Sciences Center and complied with the Animal Welfare Act. Loon chicks were fed rainbow trout ad libitum. The rainbow trout were reared at the Upper Midwest Environmental Sciences Center by the Center fish culturist. The background level of Hg in representative samples of trout was determined to be 0.0206 Ϯ 0.005 g/g wet weight (n ϭ 5 samples).
Delivery of dietary MeHg. Stock dose solutions were prepared by dissolving CH 3 HgCl (purity, 98.5%; Crescent Chemical, Islandia, NY, USA; independent analysis [R. Rossmann, U.S. Environmental Protection Agency Great Lakes Lab, Grosse Ile, MI] verified the purity at 96.5%) in reagent-grade acetone. New solutions were prepared every two to four weeks. The preparation and stability of dosing solutions were carefully monitored throughout the experiment to ensure that concentrations did not change over time. Prepared solutions were within 5% of target concentrations, and we detected no apparent change in concentration during the period of use.
Mercury doses were administered every day via a rainbow trout that contained a gelatin capsule [5] , with the prescribed daily dose of CH 3 HgCl depending on food intake so that loons received diets with, on average, no extra Hg or Hg at 0.4 or 1.2 g/g wet weight fish. Within each experimental block, one chick served as a control and was fed a fish containing a gel cap with no added CH 3 HgCl, and treatment chicks received the equivalent of a fish diet containing Hg at either 0.4 or 1.2 g/g wet weight fish. The experiment was terminated when the chicks were 105 d of age.
Food consumption, growth, and blood Hg measurement. Daily food intake was documented for each chick throughout the experiment. The mass (Ϯ0.1 g) of each fish provided to each chick was determined. Each loon chick was weighed daily (Ϯ0.1 g for chicks Ͻ1,000 g, Ϯ1 g for chicks Ͼ1,000 g) before being fed each morning.
Blood samples were collected weekly from each chick by venipuncture of the jugular vein and stored in a cryotube for subsequent Hg analysis, although only biweekly samples were analyzed. The Hg content of whole-blood samples was determined by cold-vapor atomic absorption spectrophotometry (detection limit for Hg, 0.01 g/ml; EnChem, Madison, WI, USA) using standard methods [24, 25] . Method blanks and 
Statistical analyses
For analyses, the data for each common loon chick were randomly assigned either to a calibration data set or to a validation data set. The former set was used during the course of model development, and the latter set was used as an independent cross-check.
If we had no a priori expectation for the shape of a function, we fit a line through data using a LOWESS (locally weighted sums of squares) smoother, which predicts y-values on an x-y plot from a weighted average of nearby y-values [26] . We developed a linear summary and predictive model for log respiration as a function of log body mass in free-living and captive common loon chicks using analysis of covariance [26] . Blood Hg concentrations as a function of sampling time and dose group were analyzed by analysis of variance. In these and other analyses of variance, the F-statistics are presented with their respective degrees of freedom as subscripts. Unless indicated otherwise, values are presented as the mean Ϯ SEM, and we considered statistical significance to be at p Ͻ 0.05. When comparing observed with predicted blood Hg concentrations in figures, we plotted box plots that were notched at the median and whose upper and lower maximum extent corresponded to the 95% confidence intervals on the median. If the intervals around two medians do not overlap, one can be confident at approximately the 95% level that the two population medians are different [26] . We also approximated the variance of predicted values (I and C) based on the measured variances of the parameters used in Equations 1 and 2 (Table 1) using procedures for estimating the variance of sums, products, and quotients [27] .
RESULTS

Bioenergetics module
Respiration is the largest component of the loon chick's energy budget [11] . Respiration measured in 10-, 21-, and 35-d-old common loon chicks [4, 15] that were either captive or free-living was plotted as a function of body mass (Fig. 1) . Some of these individuals had subcutaneous transmitter implants, but the implants had no significant effect on respiration, growth, or survival [15] . No significant difference was observed between those loons that were captive and those that were free-living in either the slope of the relation between log respiration and log body mass (F 1,25 ϭ 0.36, p Ͼ 0.5) or the intercept (F 1,26 ϭ 0.1, p Ͼ 0.7). Accordingly, we used the relation based on the pooled data ( Fig. 1) to estimate respiration as a function of body mass in the bioenergetics module.
Based on mass changes of the nine validation chicks ( Fig.  2A) and the allometric relations for respiration (Fig. 1 ) and tissue energy content, we estimated daily respiration, production, and total metabolizable energy (their sum) (Fig. 2B) . Then, food intake was estimated, taking into account the metabolizable energy content of fish, and was compared with daily measures of food consumed by the common loon chicks ad libitum (Fig. 2C) . Observed intake matched the predicted intake best at the youngest ages, and both peaked around age 50 d, when observed intake began to decline. Predicted intake, which we estimate has a CV of approximately 0.24, exceeded observed intake by an amount that grew progressively larger with age. After week 12 (84 d), the predicted intake was outside (above) the 95% confidence interval of the observed intake, which had a CV that ranged 0.19 to 0.26. By the end of the trial, predicted intake overestimated observed intake by 28% (Fig. 2C) .
Pharmacokinetics module
At hatch, blood Hg concentration was significantly higher in chicks from eggs collected at high-Hg lakes (2.03 Ϯ 0.52 g/g wet wt blood, n ϭ 10) than from eggs collected at lowHg lakes (1.49 Ϯ 0.55 g/g wet wt blood, n ϭ 11; F 1,19 ϭ 5.2, p ϭ 0.034).
During the 24 h after consumption of doses of Hg, no significant changes were found in blood Hg content within each dose group (Fig. 3A) . When each blood Hg content was expressed relative to the predose value in the same bird (Fig.  3B) , the mean relative Hg content also did not differ significantly from unity at any time point or dose level, and no significant differences were observed between the dose groups at any specific sampling time or when all sampling times were pooled (all p Ͼ 0.2). Although we might have expected the variances to differ if, for example, a dose group's blood value rose and then fell, we found no significant differences in mean standard deviation of relative Hg content among the dose In the first 24 h after dosing, no measurable significant changes were observed in blood Hg content (see Results). The highly significant differences in blood Hg that exist between the dose groups (A) are the result of the accumulation of relatively small daily changes in blood Hg over many weeks. Values shown are the mean Ϯ standard error of the mean (n ϭ 3 for highdose group, 4 for lower-dose group, and 2 for control). groups (F 2,6 ϭ 0.17, p Ͼ 0.8). As discussed below, these findings probably relate to the relatively small doses that were administered and to the limits of sensitivity and precision in measuring blood Hg.
Chick blood Hg levels sampled every other week (Fig. 4 ) differed significantly according to treatment group (F 2,97 ϭ 57, p Ͻ 0.001) and time (F 8,97 ϭ 7.9, p Ͻ 0.001). Figure 4 includes data from the 12 calibration chicks, and these data were used as a guide during model development. For example, the first version of the model lacked a factor for growth dilution, but it became apparent that the decline in blood Hg of control and lower-dose birds could not be adequately explained without it. As a second example, the fit between weeks 9 and 11 was best when we assumed that k e declined with age exponentially rather than linearly. Once the model was developed using these data, we independently cross-checked it by comparing its predictions with data from nine other chicks (those represented in Fig. 2A) . Data from those nine chicks were not inspected until the model had been finalized.
We predicted blood levels of the nine validation chicks based on their body masses (daily means for each dose group are shown in Fig. 5A ) and measured daily doses of Hg (g/d; daily means are shown in Fig. 5B ). In this comparison, we did not use predicted Hg inputs based on the bioenergetics module, because we wanted to evaluate the performance of the pharmacokinetics model independently of the performance of the bioenergetics model. The predicted blood Hg contents as a function of age were then compared with the values measured in the loons every other week (higher dose, n ϭ 4; lower dose, n ϭ 3; no-dose controls, n ϭ 2) (Fig. 6 ). The starting point for all predictions was the mean blood Hg of chicks at hatch (1.74 Ϯ 0.25 g/g wet wt blood, n ϭ 9). Variability existed in the predictions, plotted as 95% confidence intervals in Figure 6 , because of the variation in daily dose (CV, 0.24) (Fig. 5 ), but we expect that is somewhat of an underestimate. The approximate CV equaled 0.38 for the predictions when accounting also for variance in other measured parameters, such as distribution space and rate constants ( Table 1) . The model predicted the transition from generally steady, lower values in each dose group before approximately 50 d of age to a continuous, rapid increase in blood Hg with time after 50 d of age. Also, the model predicted fairly well the differences in blood concentration between the dose groups at the older ages. Although the model predicted the rapid decline in blood Hg of undosed controls during the first few weeks after hatch, it overestimated by as much as 143% the blood levels during those weeks in the no-dose controls (best seen in Fig. 6B ) and by as much as 68% in the other dose groups. These overestimates are statistically significant based on our approximate CV of 0.38 and assuming nine loons. We also predicted the blood levels based solely on body masses of the other 12 calibration chicks and the effective dietary Hg contents of dosed birds, which were 0.4 or 1.2 g/g wet weight fish. At 105 d posthatch, the model's predictions based on this information were, respectively, 3.2 and 9.4 g/g wet weight blood. These model estimates are 8 to 13% higher than the respective estimates (2.8 and 8.7 g/g wet wt blood) plotted in Figure 6 , because they are influenced as well by the predictions of the bioenergetics model that overestimated food intake. Thus, these predictions, which are based just on body mass changes and dietary Hg content, were approximately 30% above the mean blood Hg concentrations of the nine individuals in the validation group at age 105 d (Fig.  6 ). Considering that predictions have an approximate CV of 0.38, the model seems to be fairly accurate at the older ages of loons.
DISCUSSION
The model predicts the blood Hg concentration as a function of time in common loon chicks based on the blood Hg concentration at hatch, the body mass as a function of time posthatch, and the dietary Hg content. We found a difference in the Hg content at hatch in loons from eggs collected at lowversus high-Hg lakes, as documented in an earlier study [7] . Given the kinetics of Hg in very young chicks, however, Hg content at hatch actually is not important for prediction beyond Model about the first week. Unless one has an interest in blood Hg levels during the early days of life, the model's predictions are dependent mainly on dietary Hg content and the growth pattern of loons. The model predicted qualitative changes in blood Hg content that occurred, and in older loon chicks, the model gave quantitative predictions that matched observations well, especially considering the variability in parameter estimates and in measures of blood Hg. In the following sections, we discuss notable features about the bioenergetics and pharmacokinetics modules, and we consider the extent to which the model can be generalized for the understanding and prediction of blood Hg concentration in wild birds.
Bioenergetics module
The estimation of food intake, which is the goal of the bioenergetics module, is most influenced by the estimation of respiration and the presumed metabolizable energy content of the food. The growth energetics of the chicks make up a relatively small part of the total metabolizable energy flow, especially in older chicks (Fig. 2B) . Unfortunately, our measures of respiration using doubly labeled water are confined to relatively young chicks (up to age 37 d) at masses about a third below asymptotic mass. This may explain why the model overestimated food intake by 28% in older birds (Fig. 2C) . The respiration measured in younger, growing chicks includes extra respiration associated with the growth energy (at least 0.3 J respiration/J deposited in new tissue [11] ). Respiration of larger, nongrowing loons would lack this component. The allometric equation that we derived and used for predicting respiration from mass ( Fig. 1 ) seems to be reasonable biologically when compared with published allometric equations. For example, the allometric equation for field metabolic rate of avian species of different sizes, kJ/d ϭ 10.5.
[28], gives 0.681 mass grams predictions similar to our equation for different-sized loons (Fig. 1 ). Nonetheless, it is possible that the accuracy of our predictive model could be improved once more data are collected concerning respiration in older, larger common loon chicks.
We assumed a diet metabolizability of 0.83, which is biologically reasonable in comparison with the cross-species mean values calculated in earlier reviews of piscivores (0.75 Ϯ 0.02 in Karasov [16] and 0.77 Ϯ 0.01 in Bairlein [29] ). As found in our previous study of common loons [12] and in a few other ontogenetic studies of birds [16] , metabolizability is lower in younger birds, a feature that is incorporated into the model.
Pharmacokinetics module
Our model assumes single-compartment kinetics, which seems to be entirely appropriate for younger chicks, because Hg elimination by 35-d-old chicks was well described using a monoexponential decay model [5] . However, Hg elimination by older (85-d-old) chicks was biexponential, indicating the presence of more than one effective compartment, yet we had good success modeling Hg kinetics in the present study using a single-compartment model. We think that this can be explained based on theoretical and empirical considerations. Pharmacokinetics calculations based on the one-compartment model can yield useful approximations even if a two-compartment model applies [6] . Theoretically, after each dose, the blood concentration rises to some maximum and then declines to a minimum until the next dose increases it yet again. In this situation, the predicted value of C t in Equation 2 may underestimate the theoretical maximum. However, even in a chick eating a high-Hg diet (e.g., 1.2 g/g wet food), the daily dose did not lead to measurable increases in blood Hg (Fig. 3) . Given the size of the dose as well as the sensitivity and precision of measurement of blood Hg, it is not feasible to observe the theoretically possible fluctuations. The reason that single doses in the earlier study [5] led to measurable increases in blood Hg was that they were at least fivefold larger than the Hg dose associated with the daily intake of fish in the present study. Another way to view the situation in this multiple- dosing study is that it takes several days of the relatively small doses to lead to a measurable increase in blood Hg, and over this time scale, the effect of any single dose falls within the elimination phase of previous doses, which is the situation in single-compartment kinetics. The key point is that at typical dose levels, measurable changes in blood Hg, which are quite apparent when blood is sampled on a weekly basis, are the result of the accumulation of immeasurable small changes that occur over shorter time intervals. Ironically, the model predicted blood Hg less accurately during the younger ages (before age 50 d), when the kinetics matched most closely the assumptions of the single-compartment model. We think this is because the elimination rate constant (k e ) between hatch and day 35 was not measured but, rather, was estimated based on results from 35-d-old chicks. We corrected for the size difference in k e using mass Ϫ0.25 scaling [22] , but that still presumes no developmental differences occurred. Based on the apparent overestimate of blood Hg in the very young chicks (Fig. 6 ), it appears that either k e was higher than we assumed or the rate constant for growth dilution was underestimated. Two solutions to this problem are, first, to derive the rate constants with nonlinear curve-fitting procedures by fitting our data to the model and, second, to measure directly the elimination rate constant in younger loon chicks. However, we think that resolving this is not necessarily a high priority. Whatever the exact kinetics of the young chicks, their blood Hg concentrations later in life are determined primarily by dietary Hg content and the slow kinetics of elimination that follow the completion of feather growth [5] . We learned this in a simulation (not shown) in which we altered the elimination kinetics and blood Hg of chicks at hatch or during the first few weeks of life and found that it had little effect on the predicted blood Hg concentration after just one to two additional weeks. Although chicks may hatch with different blood Hg levels, those differences become unimportant as they age, and beyond approximately two weeks, their blood level is determined mainly by dietary Hg level.
Generality of the model
To understand and predict blood Hg concentrations, we sought a model based primarily on principles in energetics and pharmacokinetics. One alternative correlational approach might be multiple linear regression using independent variables of dietary Hg content and age, which would be especially feasible for loons older than approximately six weeks, when blood Hg increases somewhat linearly with age or with dietary Hg content (Fig. 6) . However, our approach permits adjustments for variation in important features of the biology of common loons. For example, although we modeled food intake based on characteristics of rainbow trout with an energy content of 8.1 kJ/g wet mass, energy densities of forage fish of loons can vary considerably (e.g., 4.5-9.6 kJ/g wet mass) [30] according to fish species or size/age within a species. Also, free-living common loons may forage at several lakes that differ in the average fish Hg content [31] . Considering these and other sources of variation, the dynamic model based on energetic and pharmacokinetic principles has some advantages over a static correlational model.
The bioenergetics and pharmacokinetics approach that we used has been applied to gulls (Larus argentatus) [32, 33] and swallows (Tachycineta bicolor) [34] exposed to organochlorines, but to our knowledge, this is the first application in the instance of MeHg in birds. With modification, it could be applicable to other species. Many of the parameter values that we derived for the common loon chicks were similar to values derived for other avian species, such as respiration as a function of body mass and utilization efficiency on food (both discussed above) and the rate constants for elimination of Hg [35, 36] .
We considered the situation of the adult common loons on lakes in northern Wisconsin. A female arriving in the spring might establish a breeding territory on a lake with average fish Hg content ranging 0.1 to 0.5 g/g wet weight tissue, depending on lake characteristics [31] . For purposes of preliminary modeling of her blood Hg, we estimated her energy budget as the sum of respiration, estimated from allometric equation of Nagy et al. [28] for field metabolic rate (2,980 kJ/d), and the production energy necessary to lay two eggs. Using allometric equations available in Walsberg [37] , we estimated energy deposited in the enlarging oviduct and ovary (1,026 kJ), the egg mass and energy (164 g/egg and 1,276 kJ/ egg, respectively), and the length of the rapid growth phase of the egg (24 d). Therefore, in a given egg-laying cycle, the hen requires an additional 149 kJ/d ((1,026 kJ ϩ 2·1,276 kJ)/ 24 d). Based on these values, we estimate that during the month before egg laying, the female's need for metabolizable energy is approximately 3,129 kJ/d, which can be met by ingesting 467 g wet weight fish/d (assuming 0.3 g wet mass/g dry wt fish and 26.9 kJ/g dry wt fish, of which 83% is metabolizable). Assuming an initial blood Hg concentration of 0.4 g/g wet weight blood and Hg distribution and elimination kinetics like those of the oldest chicks, then after a month on these lakes, blood Hg levels in females might range from 0.9 to 3.3 g/g wet weight blood. In birds, a positive relationship exists between blood Hg level of the laying female and the Hg content of her eggs and young (unpublished data; G. Heinz, U.S. Geological Survey, Patuxent Wildlife Research Center, Laurel, MD, personal communication). Although we do not yet know the exact relationship for common loons, it is apparent that this relationship, along with the Hg kinetics of the parent during the month before laying, can explain the significant variation that we observed in the Hg content of young hatched at lakes with prey differing in Hg (see also [7] ).
After egg laying, adult loons remain feeding on Wisconsin lakes for several months. Assuming, again, a body mass of 4,000 g, the energetics described above sans egg production, and an initial blood Hg concentration of 0.4 g/g wet weight blood, the model predicts that after four months on these lakes, the blood Hg concentration could reach 9.1 g/g wet weight blood. If the model overestimates the feeding rate of older birds, as discussed above, then the predicted value would be 6.6 g/g wet weight blood. In either instance, these values are plausible, because blood Hg concentrations of this magnitude have been observed in common loons of North America [38, 39] .
These preliminary modeling results for adult loons are encouraging, but the model can be improved in many ways for adults, such as by developing an energetics model that accounts for environmental temperature effects on R and by measuring in adults the pharmacokinetics parameters. Ultimately, the accuracy of this model in both chicks and adults needs to be tested in free-living birds.
